Summary. Water and electrolyte movement in the jejunum of normal subjects and patients with sprue was measured during perfusion with isotonic electrolyte solutions. Normal subjects absorbed water, sodium, and potassium. By contrast, in patients with sprue (seven with adult celiac sprue and one with tropical sprue) who had diarrhea and steatorrhea, these substances were secreted into the intestinal lumen. This indicates that the jejunal mucosa of these patients was in a secretory state with respect to water and electrolytes.
Introduction
Malabsorption of water and electrolytes is a well-known feature of sprue. It is not clear, however, whether this is due simply to decreased mucosal surface area of small bowel mucosa, or whether specific alterations of permeability and transport processes are also involved. The development of intestinal perfusion techniques offers a means for studying this problem.
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The present experiments were designed to examine two aspects of the functional characteristics of the intestinal epithelium in sprue: first, the ability of the intestine to absorb water and electrolytes from an isotonic perfusion; and second, the permeability of the intestinal mucosa to water and nonelectrolytes. At the outset, we recognized that permeability to water and nonelectrolytes is likely to be deranged in sprue because of the marked decrease in the surface area that is characteristic of this disease. In addition, however, sprue may alter intestinal permeability by changing the length, size, or number of water-filled pores in the intestinal cell membranes.
In previous studies in normal subjects we measured effective pore size by comparing bulk water flow across the intestinal mucosa induced by 287 perfusion of solutions made hypertonic with solutes of different molecular size (1) . Preliminary data indicated that this method is subject to large errors in sprue because of very low rates of water flow in response to osmotic pressure gradients, and because sprue mucosa was found to be in a secretory state with respect to water and electrolytes. We have therefore developed a different method for detecting abnormalities in pore size that is not affected by these technical problems. The method is based on the principle of restrictive diffusion [as developed by Renkin (2) ] and involves measuring the simultaneous diffusion rates of solutes of different molecular radii. Thus, a membrane with a small effective pore size will readily discriminate between a small and a larger solute, so that the diffusion ratio of the large relative to the small solute will be low. If, on the other hand, the same two solutes are exposed to a membrane with a larger pore size, less discrimination will occur, and the solute diffusion ratio will be higher, and approach 1 as the size of the pore increases. If the diffusion of the different solutes is measured simultaneously, such variables as surface area, number of pores, pore length, variations in flow rate, and variations in intestinal motility will cancel out when results are expressed as a ratio. Under these conditions, the ratio will be a function principally of the effective size of the diffusion channels.
The present studies, conducted in patients with severe and moderate sprue, have demonstrated abnormalities of both intestinal transport processes and intestinal permeability that cannot be attributed to abnormalities of surface area or intestinal motility. We found that perfusion of isotonic electrolyte solutions elicits a secretory response in patients with sprue, in contrast to normal subjects, and that this abnormality is not corrected by adding glucose to the test solutions. In addition, the diffusion rates of L-xylose, erythritol, and urea are disproportionately reduced relative to the diffusion of tritiated water. This increased selectivity suggests that there is a marked decrease in the effective pore size of sprue mucosa.
Methods
Nine patients with adult celiac sprue and one with tropical sprue were studied. Data on manifestations of the disease, degree of steatorrhea and small bowel dilatation, xylose test, mucosal biopsy, and response to gluten-free diet are given in Table I . Control subjects were normal volunteers, ages 21 to 70 years, without evidence of gastrointestinal disease.
In all subjects test solutions, containing a volume marker, polyethylene glycol (PEG) (6) , were infused into the small intestine at 9 ml per minute through the proximal opening of a triple-lumen tube (1, 7) that had been previously checked fluoroscopically to ascertain its position. After a 30-minute equilibration period, perfusates were collected continuously for 1 hour at points 10 and 40 cm distal to the site of infusion, via the other openings of the tube. Water and solute movement within the test segment between the two collecting sites was determined by methods that have been previously described (1, 7).
Normal subj ects and patients were studied sequentially with three test solutions, each designed to measure a specific aspect of water and solute movement. 1) The first period was used to measure net water and electrolyte absorption from an isotonic electrolyte solution containing 140 mEq per L of sodium, 5 mEq per L of potassium, 110 mEq per L of chloride, and 35 mEq per L of bicarbonate. In some experiments 20 mM glucose was included in the perfusion solution, and the concentrations of sodium and chloride were reduced slightly to maintain isotonicity with plasma.
2) The second test period was used to measure solute diffusion ratios. The theoretical background and principles of this technique are described in the Appendix. Test solutions contained 15 mM urea labeled with urea-4C, 15 mM L-xylOse, and either 15 mM erythritol labeled with tritium, or 0.2 mc of tritiated water (THO). Sodium chloride was added to make the solution isotonic to plasma. The absorption rates of solutes of different molecular radii (THO, 1.5 A; urea-'4C, 2.3 A; erythritol-3H, 3.2 A; L-xylose, 3.5 A) (8) were measured in the test segment between the proximal and distal collecting sites (7) , and the diffusion ratio of solute pairs was determined by Equation 8 in the Appendix.
3) The third period was used to measure the filtration coefficient of the intestine, by a previously described method (1) . Briefly, this involves measurement of net water movement into the intestinal lumen in response to perfusion of isotonic electrolyte solutions made hypertonic by addition of mannitol. In calculating the results in sprue patients, we subtracted net water movement during isotonic perfusion (determined from the first study period) from water movement observed during hypertonic perfusion in order to determine the amount of water flow in response to the osmotic gradient per se. A similar correction is not necessary in normal subjects since net water movement during perfusion with isotonic electrolyte solutions is negligible compared to the high rate of water flow in response to osmotic pressure gradients.
Additional studies on restrictive diffusion
The effect of antidiuretic hormone (ADH) on solute diffusion ratios in the normal intestine was studied by measuring diffusion rates during two sequential test In vitro studies a) Cellulose dialysis tubing. Solute diffusion ratios were measured in 15-cm lengths of Visking cellulose tubing. The tubing was tied at one end with silk suture, and 2 ml of normal saline solution containing radioisotopes of the solutes to be studied was injected into the bag. The other end was tied with silk and dipped into normal saline solution, blotted, weighed, and then returned to the saline bath. After 10 to 30 minutes, depending on the solutes being studied, the bags were removed, blotted, and weighed, and then their contents were emptied into test tubes and subsequently counted. The ratio of the diffusion of solute pairs was calculated by methods described in the Appendix. The solutes used in these experiments were tritiated water, urea-"4C, tritiated erythritol, and tritiated d-xylose. b) Toad bladder. The effects of aqueous Pitressin (ADH) on solute diffusion ratio of tritiated water and urea-"C were studied with the technique described by Bentley (9) . The bathing solution was that used by Bentley, and the incubation period was 2 hours. In three experiments, the bathing solution had no ADH during the first test period, and during the second period this hormone was added to the serosal media in a concentration of 5 mU per ml. In one experiment this order was reversed. Diffusion ratios were calculated as described in the Appendix.
Analytical methods PEG was determined in duplicate by the method of Hyden (10) . In our hands this method is reproducible within + 2% on duplicate testing. L-Xylose was measured by the method of Roe and Rice (11) Measurement of osmolality and sodium and potassium concentrations in fluid collected from both collection tubes in normal and sprue patients demonstrated that osmotic gradients and sodium and potassium concentration gradients between gut lumen and plasma were not present during these studies. Gross inspection of the fluid collected from the sprue patients did not reveal any differences from normal subjects. The perfusate of three sprue patients was analyzed for hexosamine,' and no differences were found between normal and sprue subjects. 1 The analysis was performed by Dr. J. Donald Smiley. Renkin (2) .
Diffusion ratios were also measured in cellulose bags that had been stretched longitudinally; this procedure has been shown by Craig and Konigsberg to decrease the effective pore size of cellulose membranes (13) . Results of four experiments in four different stretched bags are shown in Table  III . It is evident that the diffusion ratio of each solute pair decreased, which is compatible with a decrease in effective pore radius of the stretched bag.
Toad bladder. As shown in Table IV , ADH increased the diffusion of both THO and urea through the toad bladder. However, the percentage increase in urea diffusion was greater than that of THO. Consequently, the solute diffusion ratio in each of the four bladders was increased by ADH, indicating an increase of the effective pore radius.
These in vitro studies indicate that solute diffusion ratios are sensitive to changes in the effective pore size of membranes and suggest that the principle of restrictive diffusion may be usefully employed in studying permeability characteristics of the intestine.
Human small intestine a) Diffusion ratios of different solute pairs in the normal small intestine. Three pairs of solutes were studied: THO and urea, urea and erythritol, and urea and L-xylose. Mean results in the jejunum (Table V) were as follows: urea/THO, 0.82; erythritol/urea, 0.50; L-xylose/urea, 0.31.
The reproducibility of this technique in individual subjects was assessed by measuring solute (Table VI) . However, urea absorption was reduced much more dramatically (8.5 compared to 52.2%o in normals) than was THO absorption (40.5 compared to 60.1%o). Thus, each patient with sprue who was studied with this solute pair had a marked reduction of the solute diffusion ratio. Even in San, who had sprue by mucosal biopsy but no diarrhea or steatorrhea, the diffusion ratio was markedly reduced, 0.22.2
Filtration coefficient
The filtration coefficient for normal subjects was determined by measuring water movement across the intestinal mucosa in response to hyper- 2 The possibility that intestinal urease activity was modifying the apparent absorption rate of urea was excluded by incubating labeled urea in collected perfusate. After 2 hours of incubation at 370 C, there was no evidence of urea breakdown. Even if there had been greater urea breakdown in the patients with sprue, the result would be to falsely elevate the diffusion ratio and could not account for the observed differences between patients with sprue and normal subjects. osmotic solutions containing mannitol. As shown in Table II , normal subjects had a mean filtration coefficient of 135 ul per mOsm per hour per cm (range, 69 to 195) in the upper jejunum. In patients with sprue a correction had to be made for the basal secretory state of the epithelium in this disease, which was documented above. When this correction was made, by subtracting basal secretion from water movement observed during perfusion with hyperosmotic solutions containing mannitol, very low filtration coefficients were calculated for each of the seven patients with steatorrhea. On the other hand, the two patients with celiac sprue without steatorrhea (both of whom had only a moderately severe mucosal lesion by jejunal biopsy) had filtration coefficients that fell within the normal range.
Discussion
These studies demonstrate several abnormal characteristics of the jejunal mucosa in sprue that probably contribute to water and electrolyte losses in this disease. First, during jejunal perfusion of patients who had severe celiac sprue by mucosal biopsy and who had diarrhea and steatorrhea clinically, water, sodium, and potassium were added to, rather than absorbed from, the perfusate. Similar results were noted in one patient with tropical sprue. Since the osmolality and ionic composition of the perfusate were the same as those of plasma, net water and electrolyte movement cannot be attributed to solute concentration gradients or to osmotic pressure gradients between intestinal contents and blood. These results therefore indicate that the jejunal mucosa of these patients is in a secretory condition with respect to water and electrolyte movement, the amount secreted being even greater than the amount of these substances that is absorbed in normal subjects. Addition of glucose to the perfusion solution, which in normal subjects stimulates jejunal absorption of sodium and water (12) , had no demonstrable influence on the secretion of water and electrolytes in patients with sprue.
The specific cells involved in this secretory process are, of course, unknown. Trier has shown by electron microscopy that the undifferentiated crypt cells of normal jejunum secrete material into the crypt lumen in response to intravenous pilocarpine (14) , and perhaps these cells, which are relatively increased in sprue, are responsible for the water and electrolyte secretion we observed. However, Trier's histochemical studies suggested that the secretory granules of normal undifferentiated crypt cells were composed at least in part of a neutral polysaccharide-protein complex, whereas analysis of the intestinal perfusate in sprue failed to show a high concentration of hexosamine.
In contrast to the patients with severe celiac sprue by mucosal biopsy, two subjects with only a moderately severe mucosal lesion by biopsy who did not have diarrhea or steatorrhea absorbed sodium and potassium normally, although water absorption was not so rapid in these patients as in the normal subjects.
The secretory condition of the sprue intestine makes it difficult, if not impossible, to accurately appraise the intrinsic permeability characteristics of the jejunal mucosa in this disorder by techniques that were previously used in normal subjects (1). We therefore attempted to study permeability in sprue by measuring the relative diffusion rates of solutes of differing molecular radii, a method that has several technical advantages over the previous technique. For instance, measurement of relative diffusion rates requires only a single perfusion of an isotonic solution containing two solutes of different molecular radii, rather than two sequential perfusions with hypertonic fluids. This allows permeability measurements to be carried out in a shorter period of time and obviates the necessity of giving intravenous fluids to prevent shifts in blood volume, blood flow, and so on, secondary to gut perfusion with hypertonic fluids. In addition, studies carried out within a given intestinal segment are highly reproducible, as shown in Figure 1 . This is almost certainly related to the fact that diffusion rates are measured simultaneously, and therefore variations in the length and area of the intestine exposed to the test solution, and variations in intestinal motility (as might occur during sequential perfusions), cannot influence the results. Finally, since this method is not dependent on the measurement of water flow in response to osmotic gradients, it can be used in disease states in which absorptive and secretory processes involving water and electrolytes may be abnormal, which would invalidate the previous method.
In vitro studies with cellulose membranes, and with the toad bladder, with and without ADH, indicate that changes in membrane permeability can be detected by measuring relative diffusion rates of different solutes. Furthermore, the markedly lower diffusion ratio of urea to THO in the normal ileum than in the jejunum is in excellent agreement with our previous study in normal subjects in which we found, by a different technique, that ileal pore radius is less than half that in the normal jejunum (1) .
The principal difficulty associated with the use of diffusion ratios as a means of estimating the size of diffusion channels arises from the use of tritiated water as one of the solutes. In the jejunum the diffusion ratios of erythritol: urea and L-xylose: urea give a calculated effective pore size of about 9 A, which closely approximates that obtained in our previous studies (1); by contrast, the urea: THO, erythritol: THO, and L-xylose: THO diffusion ratios all give a very large calculated effective pore size (greater than 20 A). A similar discrepancy has been observed by Solomon and co-workers (8, 15) and by us (16) when the coefficient for diffusion of THO and the osmotic flow of water are compared in the intestine; calculated pore size by this method gives values of 30 to 40 A, whereas calculations on the basis of reflection coefficients of nonlipid-soluble nonelectrolytes in both the rat and human give values of 4 to 9 A. These observations indicate that diffusion of THO across the intestinal epithelium (but not across toad bladder or cellulose membranes) is restricted to a greater degree than would be predicted from its molecular size. Possibly this relates to the fact that diffusion coefficients of solutes in water within pores are not known and cannot be assumed to be equal to the diffusion coefficient in free solution, as is emphasized in the Appendix. Unfortunately, only the urea: THO diffusion ratio can be accurately measured in the lower small intestine of normal humans and in the jejunum of sprue patients because of the extremely low diffusion rates of erythritol and L-xylOse in these areas of intestine. However, since the relative change in this diffusion ratio accurately reflects the known differences in the jejunum and ileum of normal subjects, in the toad bladder with and without ADH, and in cellulose membranes with and without stretching, its use to indicate directional changes in effective pore size in disease states seems justified.
In the jejunum of patients with slrrue, we found that, compared to normal subjects, the absorption rate of THO was only moderately decreased, whereas the absorption of urea, xylose, and erythritol was markedly impaired. For instance, the ratio of urea to THO diffusion in normal subjects was 0.8, but in sprue it was only 0.2.
Although patients with sprue were secreting water into the lumen (against the direction of diffusion), whereas the normal subjects were absorbing water, the data in Figure 3 indicate that neither the direction nor magnitude of water flow alters the urea: THO diffusion ratio. Consequently, the markedly lower ratio in sprue patients cannot be attributed to directional differences in water movement and must represent some structural change in the membrane. As indicated in Equation 8 of the Appendix, a selective reduction in urea diffusion relative to tritiated water diffusion could be due either to a reduction in pore size or conceivably to an increase in structural orientation of water within the pores (i.e., more icelike). The effect of water structure on the relative diffusion rates of different solutes, however, has not been studied. In addition, it seems unlikely that water in pores will become more icelike without a concomitant change in pore size. Consequently, it seems most likely to us that the reduction in the diffusion ratio is due to a diminution in the average effective pore size of sprue mucosa, although the complexity of the small intestinal mucosa precludes the calculation of a precise dimension.
A decrease in average pore size might occur in at least two ways. First, if all the solute molecules penetrate the membrane exclusively through a uniform set of pores, a fall in the solute diffusion ratio from 0.8 to 0.2 would indicate a marked decrease in the radius of these aqueous channels. Since the rate of THO diffusion was only modestly decreased in sprue, this would suggest that the relatively large pores of the normal jejunum had been changed to a greater number of small pores in sprue, an event that would not produce a marked decrease in THO diffusion but which would significantly decrease the diffusion of the larger solutes and markedly restrict bulk water flow in response to osmotic pressure gradients.
A similar circumstance has been suggested in the toad bladder, where the action of ADH is pictured as reversibly making several small channels into one large pore (17) . Second, if the jejunal barrier contains two sets of pores (either in the same membrane or in two adjacent membranes), one for THO diffusion and one for the diffusion of the larger solutes, our data are compatible with a decrease in the number of the larger pores while the smaller channels are left intact. From a functional point of view, however, this is the same as decreasing the size of the uniform set of pores.
A decrease in effective pore size of the jejunal mucosa in sprue would be expected to significantly influence absorptive processes in the involved areas of the gut. For example, water movement in response to osmotic pressure gradients (which is the major mechanism of water movement across biologic membranes) is approximately proportional to the fourth power of the radius of pores in a membrane. Water movement is, therefore, very sensitive to changes in pore size, and a decrease in pore radius of sprue mucosa would be expected to make a major contribution to the reduced filtration coefficient noted in these patients (Table II) .,3 In addition, passive movement of sodium chloride, which may be an important mechanism of salt absorption in the proximal human small intestine, would be expected to be markedly reduced in areas of the intestine where effective pore size is reduced. Finally, passive absorption of nonelectrolytes would be reduced in areas where membrane pore radius is decreased.
For instance, absorption of xylose, which has a molecular radius of 3.5 A, would be dependent to a large extent on the effective size of pores of the mucosal cell membranes. Small pore radii in sprue would, therefore, account for the fact that xylose absorption is almost always markedly decreased in this disease. It is interesting that the patient San in the present study absorbed xylose 3 The only exception to the association between diminished diffusion ratio and decreased filtration coefficient is in patient San, who had a urea/THO diffusion ratio of 0.22 but a normal filtration coefficient. It is noteworthy, however, that the absolute rate of THO diffusion was greater than normal (Table VI) , suggesting that there might have been enough increase in the number of pores to counteract the effects of diminished pore size and thus maintain a normal filtration coefficient.
very poorly even though she had no diarrhea or steatorrhea. It seems likely that this was due to a decrease in the effective pore size of her jejunal mucosa, as evidenced by a urea/THO diffusion ratio of 0.22 (compared to 0.82 in normal subjects) . Taken in toto, these studies suggest that patients with celiac and tropical sprue, who have steatorrhea and diarrhea, secrete water and electrolytes and have a markedly reduced effective pore radius of jejunal mucosa compared to normal subjects. There is no reason to believe that these defects are interdependent. The two patients with "moderate" celiac sprue by biopsy who did not have diarrhea or steatorrhea did not secrete water and electrolytes, but, like those with steatorrhea, they had a marked decrease in effective pore radius.
One other observation of the present study deserves comment. When antidiuretic hormone (ADH) was given intravenously to normal subjects undergoing water diuresis, the diffusion ratio of urea/THO, erythritol/urea, and L-xylose/ urea did not change. Furthermore, the absolute absorption rate of these solutes was not altered by the ADH infusion. These findings suggest that the permeability barrier of the small intestine is not under the control of the posterior pituitary gland.
Appendix
In a given length (1) of intestinal segment (from 1= 0 to 1= 1), perfused at a constant rate, a steady state will be achieved in which the luminal concentration of solute at any specified point is constant with time. However, the luminal concentration changes with respect to distance. The amount of substance diffusing per unit time (dN) out of a small segment (dl) of perfused intestine is given by the expression, dN =-D AAC dl, AX [1] where D is the diffusion coefficient of the solute in free solution, A is the effective diffusion area per unit length of intestine, AX is the membrane thickness, and AC the concentration difference of the solute across the membrane (luminal concentration -plasma concentration).
If movement of an isotope is measured, it can be assumed that the plasma concentration is always zero, and AC becomes equal to the luminal concentration (C). InNO = DA |dI [4] The diffusion rates for a single substance, therefore, cannot be determined with certainty. However, if two substances (N1, N2) are incorporated into the perfusate so that the function [V(l)] is identical for both, the ratio of the two diffusion rates can be obtained:
In N-= Di Al dV and [5] In N2= DA2 f dl [ 
6] N2
Ax V(z),
The terms fdi/V ) and AX are identical in Equations 5 and 6.
The effective diffusion areas (A,, A2) for two watersoluble solutes depend not only on the number and size of the channels in the membrane available for diffusion, but also on the size of the diffusing molecule. Therefore, in a membrane with a fixed number and size of diffusion channels or pores, the effective diffusion area (A1, A2, and so on) is different for every solute. Dividing Equation 5 by 6 gives (N10\ In kN1 _ AID, [7] N20 A2D2:
In N The quantity of the two solutes entering (Ni°, N2°) and leaving (N1, N2) the test segment can be calculated from their inflow and outflow concentrations and the concentration of a nonabsorbable volume marker (PEG). In EPEG]°C2 Renkin (2) has derived equations for restricted diffusion through a membrane whereby the ratio A1/A2 for a given solute pair can be used to calculate equivalent pore size of the membrane. This calculation assumes that the diffusion coefficient (D1 and D2) through the water in the pore is the same as that in free solution. However, since water in the pore may not be in a fluid state (17) , this assumption may be unjustified. For example, if water in pores were in a highly organized (icelike) state, the diffusion coefficients for all solutes would be reduced (18) . Moreover, the diffusion coefficients for large solutes conceivably might be reduced disproportionately to that of smaller solutes, although this latter point has not been studied experimentally. In addition, the diffusion ratio for a solute pair diffusing across a complex membrane such as the intestinal mucosa will be a function of several different sets of pores in several different diffusion barriers rather than a single set of homogeneous pores. For these reasons, no attempt was made to assign a precise dimension to the pores. A change in the diffusion ratio, however, can be used to indicate directional changes. For example, if the diffusion rate of a large relative to the diffusion rate of a small solute were reduced, this would indicate either a decrease in the average effective pore size or possibly an increase in the state of organization of water filling the pores. From a functional point of view, however, either of these two changes would have the effect of increasing the selectivity of the membrane.
As indicated in the Methods, the experiments in the present study were performed by perfusing a length of intestine with a triple-lumen tube. The perfusion solution was infused through the most proximal opening, and samples were collected through two more distal openings. Analysis of the fluid collected from the most proximal collecting site permitted correction to be made for mixing with intraluminal contents. Thus, any change in the concentration of PEG and solute between the proximal and distal collecting sites must represent movement of solute and water across the wall of the intestine. However, as indicated in Equations 5, 6, and 7, the effect of mixing with intraluminal contents cancels out when the two diffusion rates are expressed as a ratio. For this reason, it is immaterial whether the concentration of the solute and PEG from the distal sample is compared with that in the proximal sample or that in the infused test solution.
